PROCESS FOR THE EPOXIDATION OF OLEFINS 

Reference to a Related Application 
[0001] This application claims the benefit of our copending provisional 
application 60/414,329 filed September 30, 2002 which is relied on and 
incorporated herein by reference. 

Introduction 

[0002] The present invention relates to an improved continuous process 
for the epoxidation of olefins using a heterogeneous catalyst for promoting the 
epoxidation reaction, whereby deactivation of the catalyst has been 
considerably reduced. 

Background of the Invention 
[0003] From EP-A 100 119 it is known that propene can be converted by 
hydrogen peroxide into propene oxide if a titanium-containing zeolite is used as 
catalyst. 

[0004] Unreacted hydrogen peroxide cannot be recovered economically 
from the epoxidation reaction mixture. Furthermore, unreacted hydrogen 
peroxide involves additional effort and expenditure in the working up of the 
reaction mixture. The epoxidation of olefin is therefore preferably carried out 
with an excess of olefin and up to a high hydrogen peroxide conversion. In 
order to achieve a high hydrogen peroxide conversion it is advantageous to use 
a continuous flow reaction system. Furthermore, high selectivity for the 
desired olefin oxide is important for an industrial scale process to achieve high 
yields and to reduce costs for subsequent work-up. 

[0005] However, activity and selectivity of the above described titanium- 
containing zeolite catalysts are sharply reduced over time in a continuous 



process for the epoxidation of olefins, making frequent catalyst regeneration 
necessary. For an industrial scale process, this is not acceptable for economic 
reasons. 

[0006] In the literature numerous routes to either increase catalyst activity 
and/or selectivity or to reduce catalyst deactivation for the above described 
titanium-containing zeolite catalysts are described: 

[0007] For example, from EP-A 230 949, it is known to neutralize the 
titanium silicalite catalyst either prior to its use in an epoxidation reaction or in 
situ with strong bases thereby introducing large amounts of alkali metal or 
alkaline-earth metal ions into the reaction mixture. This neutralization resulted 
in an increase in activity and selectivity to form the desired olefin oxide in a 
batch process. 

[0008] The experiments in EP-A 757 043, however, show that in a 
continuous process the activity is considerably reduced, if the catalyst is 
neutralized prior to or during the reaction. Therefore, it is suggested to treat the 
catalyst prior to or during the epoxidation reaction with a neutral or acidic salt. 
The experimental data in EP-A 757 043 confirm that by addition of neutral or 
acidic salts the selectivity is increased but the activity is less reduced compared 
to the addition of a base. But EP-A 757 043 only shows examples wherein the 
catalyst is treated with the salt prior to the reaction and the catalyst is used in 
slurry form. Additionally the experiments were only run for 8 hours but 
nevertheless show a dramatic drop in catalyst activity only after 4 hours which 
is by no means acceptable for an industrial process. 

[0009] Similarly EP-A 712 852 teaches that by performing an epoxidation 
process catalyzed by titanium silicalite in the presence of a non-basic salt the 
selectivity is increases. All the examples are run in batch operation mode with 
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a stirred catalyst slurry for one hour. Although it can be confirmed that the 
presence of non-basic salts may have a positive influence on catalyst selectivity 
in a short term experiment, it was discovered that even if non-basic salts are 
present in a reaction mixture for a continuous epoxidation reaction the activity 
and selectivity drops dramatically over time. Thus the teaching of EP-A 712 
852 does not lead to a reaction system that can be economically employed in a 
continuous epoxidation process using hydrogen peroxide in presence of a 
heterogeneous catalyst. 

[0010] Several patent documents deal with the problem of optimizing 
activity and selectivity of titanium silicalite catalyst in epoxidation reactions by 
means of addition of nitrogen containing compounds and pH-adjustment of the 
reaction mixture. For example EP-A 1 072 599 teaches the addition of nitrogen 
containing bases to the reaction mixture, whereas EP-A 1 072 600 discloses the 
use of a buffer system comprising salts of those nitrogen containing bases for 
pH adjustment. EP-A 940 393 relates to the addition of amide group 
containing organic compounds to the epoxidation reaction mixture. US 
6,429,322 discloses the addition of strong bases like alkali or alkaline earth 
metal or tetraalkyl ammonium hydroxide and the addition of weak bases like 
ammonium hydroxide or alkali or alkaline earth metal salts of weak acids for 
pH adjustment of the reaction mixture. But in none of these references is the 
effect of impurities commonly present in commercially available aqueous 
hydrogen peroxide solution on the long term activity and selectivity of the 
titanium silicalite catalyst addressed or investigated. 

[0011] Today, the vast majority of hydrogen peroxide is produced by the 
well-known anthraquinone process. A survey of the anthraquinone process and 
its numerous modifications is given in G. Goor, J. Glenneberg, S. Jacobi: 
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"Hydrogen Peroxide" Ullmann's Encyclopedia of Industrial Chemistry, 
Electronic Release, 6 th ed. Wiley- VCH, Weinheim June 2000, page 14. 

[0012] Crude hydrogen peroxide solutions or concentrated hydrogen 
peroxide solutions obtained from the anthraquinone process contain a plurality 
of compounds in addition to hydrogen peroxide in low concentrations. These 
compounds are either impurities or additives like stabilizers. The impurities are 
compounds that are extracted from the working solution into the aqueous 
phase. They are mainly ionic or polar species like carboxylic acids, alcohols, 
carbonyl compounds and amines. These impurities are therefore also found in 
commercial hydrogen peroxide solutions. 

[0013] For example, hydroquinone solvents that are commonly used in 
the above described process are nitrogen containing compounds like amides 
and ureas (see Ullmann, supra, page 6). Particularly preferred are tetraalkyl 
ureas like tetrabutyl urea. The use of these solvents result in amine impurities 
like monoalkyl or dialkyl, especially monobutyl and dibutyl, amines in the final 
hydrogen peroxide solutions. For example the commercial hydrogen peroxide 
solution HYPROX® available from Degussa AG contains up to 200 wppm 
mono- and dibutyl amine based on the weight of hydrogen peroxide. 

[0014] In WO 00/76989 the influence of ionic components in 
commercially available aqueous hydrogen peroxide solutions that are used in 
epoxidation reactions as described in the above prior art documents is 
discussed. Ionic components, especially phosphates and nitrates, are added to 
commercially available aqueous hydrogen peroxide solutions as stabilizers to 
reduce hazardous decomposition of hydrogen peroxide. WO 00/76989 teaches 
contrary to the disclosure in the above prior art documents that the presence of 
ionic components in the reaction mixture, even those that have been added as 



stabilizers to commercial hydrogen peroxide, are detrimental to the long term 
selectivity in a continuous titanium silicalite catalyzed epoxidation reaction and 
should therefore be reduced to a minimum. Contrary to the above prior art 
documents, continuous reactions running up to 300 hours were conducted 
showing that if ionic components are present in an amount of more than 100 
ppm the long term selectivity is reduced. To solve this problem, it is suggested 
to remove ionic components from hydrogen peroxide solutions prior to use in 
epoxidation reactions by means of ion exchangers. Moreover, WO 00/76989 
teaches that ammonium compounds and ammonia should be avoided under any 
circumstances since these compounds may lead to undesired side products by 
oxirane ring opening reactions with the formed olefin oxide. Although the 
teaching in WO 00/76989 leads to some improvement in long term selectivity 
compared to the above prior publication, this improvement is still insufficient 
for an industrial scale process. Furthermore, this improvement can be achieved 
only with the complicated and, both in terms of investment and process costs, 
economically undesirable additional process step of ion exchange. Last but not 
least, removal of stabilizing ions like phosphate and nitrate from the hydrogen 
peroxide solution makes the process more hazardous and additional measures 
have to be taken to ensure safety during the entire process. 

[0015] Contradicting the teaching of WO 00/76989, WO 01/57012 
discloses that the use of crude hydrogen peroxide solutions directly obtained 
from the anthraquinone process having large amounts of, for example, sodium, 
nitrate, phosphate, and organic impurities, is superior with respect to product 
selectivity compared to highly purified hydrogen peroxide solutions comprising 
very low amounts of sodium, nitrate, and phosphate. The experiments, 
however, were only conducted for a few hours so that the long term activity and 
selectivity of the catalyst cannot be determined from that reference. 
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[0016] Again, another approach is shown in WO 01/92242, wherein a 
titanium silicalite catalyzed process for epoxidation of olefins using crude 
hydrogen peroxide solutions in the presence of a compound having 
aminocarbonyl functionality in which the nitrogen bears at least one hydrogen 
atom is disclosed. The examples show a batch type process that is conducted 
up to a conversion of hydrogen peroxide of 85%. After two hours, the reaction 
is terminated even if the conversion of 85% has not been reached. Although 
the experimental data show an improvement with respect to the reaction rate 
compared to compounds with aminocarbonyl functionality having no hydrogen 
atom bonded to the nitrogen atom long term activity and selectivity of the 
catalyst in a continuous process is not determinable from the information in 
WO 01/92242. 

[0017] DE-A 199 36 547 discloses a continuous titanium silicalite 
catalyzed process for epoxidation of olefins with hydrogen peroxide whereby 
the conversion is kept constant by increase of reaction temperature and 
adjusting the pH of the reaction mixture. In a long term experiment (1000 
hours), it could be verified that by adjusting the pH the increase in temperature 
and the rate of increase could be reduced compared to an experiment without 
pH adjustment. But conversion and selectivity were the same irrespective 
whether the pH was adjusted or not. 

[0018] Thus, an object of the present invention is to provide a continuous 
process for the epoxidation of olefins with hydrogen peroxide in the presence 
of a heterogeneous catalyst promoting the epoxidation reaction whereby an 
improvement in long term activity and selectivity of the catalyst compared to 
the above discussed prior art can be achieved without adding additional process 
steps and in an economic way. 



Summary of the Invention 
[0019] In carrying out the present invention, a continuous process for the 
epoxidation of olefins with hydrogen peroxide is conducted in the presence of a 
heterogeneous catalyst promoting the epoxidation reaction, whereby the 
aqueous reaction mixture comprises: 

i) an olefin; 

ii) hydrogen peroxide; 

iii) less than 100 wppm of alkali metals, earth alkali metals, 
both irrespective whether in ionic or complex form, bases or cations of bases 
having a pk B of less than 4.5, or combinations thereof ; and 

iv) at least 100 wppm of bases or cations of bases having a pk B 
of at least 4.5 or combinations thereof, 

whereby the wppm are based on the total weight of hydrogen 
peroxide in the reaction mixture. 

Detailed Description of the Invention 
[0020] It has been surprisingly discovered that, even when taking into 
account the content of ionic components in aqueous hydrogen peroxide 
solutions, these solutions can be used in the process of the present invention 
without further purification like ion exchange, if a hydrogen peroxide solution 
is selected for the process resulting in less than 100 wppm of alkali metals, 
earth alkali metals, both irrespective whether in ionic or complex form, bases or 
cations of bases having a pk B of less than 4.5, or combinations thereof based on 
the total weight of hydrogen peroxide in the reaction mixture. A content of 
anions irrespective of their nature above 100 wppm based on the total weight of 
hydrogen peroxide in the reaction mixture is not detrimental for the long term 
activity and selectivity of the catalyst as long as the reaction mixture contains at 
least 100 wppm of bases or cations of bases having a pk B of at least 4.5 or 
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combinations thereof based on the total weight of hydrogen peroxide in the 
reaction mixture. 

[0021] Thus, contrary to the teaching of the prior art, neither the use of 
crude hydrogen peroxide solutions obtained from the anthraquinone process 
without carefully controlling the amount of alkali metals and amines having a 
pk B below 4.5, nor the use of purified hydrogen peroxide solutions, where in 
addition to the metal cations also the stabilizing anions have been removed, are 
suitable for an economic process for epoxidation of olefins. 

[0022] The process of the present invention surprisingly results in a long 
term selectivity of 90% at a hydrogen peroxide conversion of well above 90% 
even after running the process for more than 2300 hours. This result has been 
achieved without any expensive purification steps like ion exchange. 

[0023] Preferably the reaction mixture further comprises 

v) at least 100 wppm anions or compounds that can dissociate 
to form anions in total based on the weight of hydrogen peroxide. 

[0024] It is a particular advantage of the present hydrogen peroxide 
solution that anions can be present in the usual stabilizing amounts. These 
stabilizing anions are preferably any kind of oxophosphorous anions like 
orthophosphate, hydrogen phosphate, dihydrogen phosphate, pyrophosphate, 
nitrate. 

[0025] These stabilizing anions, or compounds that can dissociate in the 
hydrogen peroxide solution to produce these stabilizing anions, are preferably 
present in an amount of at most 1000 wppm, preferably 100 -1000 wppm, more 
preferred 200 - 800 wppm, most preferred 200 - 600 wppm, based on the 
weight of hydrogen peroxide. 
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[0026] According to a preferred embodiment of the present invention the 
amount of components of group iii) in total is less than 80 wppm, preferably 
less than 70 wppm, more preferably less than 60 wppm and most preferably 
less than 50 wppm based on the total weight of hydrogen peroxide. 

[0027] It is particularly advantageous if the reaction mixture comprises 

iiia) less than 50 wppm alkali metals, alkaline earth metals or 
combinations thereof in total, irrespective whether the alkali or alkaline earth 
metals are present in cationic or complex form; and 

iiib) less than 50 wppm of amines having a pk B of less than 4.5 or 
the corresponding protonated compounds in total; 

where the wppm are based on the weight of hydrogen peroxide. 

[0028] It is preferred to reduce the amount of alkali metals, alkaline earth 
metals or combinations thereof in total, irrespective whether the alkali or 
alkaline earth metals are present in cationic or complex form to be less than 40 
wppm, more preferred less than 35 wppm, in order to further improve the long 
term activity and selectivity of the catalyst. 

[0029] The effect of the presence of such amines is even more 
pronounced than the effect of the alkali or alkaline earth metals. Therefore, it is 
particularly preferred to reduce the amount of amines having a pk B of less than 
4.5 in the aqueous hydrogen peroxide solution in total to less than 40 wppm, 
preferably less than 30 wppm, more preferred less than 20 wppm, and most 
preferred less than 10 wppm, based on the weight of hydrogen peroxide in the 
solution. 

[0030] It is another surprising result of the present invention that the 
presence of bases or cations of bases having a pk B of less 4.5 like 
trimethylamine (pK B = 4.26) or methylamine (pk B = 3.36) are detrimental for the 
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long term activity and selectivity of the catalyst whereas the presence of bases 
or cations of bases having a pk B of at least 4.5 like ammonia (pk B = 4.76) are 
mandatory in order to achieve the desired result. This fundamental difference 
in behavior of quite similar compounds was not foreseeable in light of the prior 
art. 

[0031] Especially detrimental to the activity and selectivity of the 
epoxidation catalyst is the presence of alkyl amines, especially secondary and 
tertiary alkyl amines. 

[0032] Furthermore it is preferred, if the amount of components of group 
iv) in total is 3000 wppm at most and is preferably from 150 to 2000 wppm, 
more preferably from 200 to 1500 wppm, most preferably from 300 to 1200 
wppm based on the weight of hydrogen peroxide. 

[0033] According to a particularly preferred embodiment of the present 
invention the components of group iv) are selected from organic amines and 
amides having a pk B of at least 4.5, organic hydroxylamines having a pk B of at 
least 4.5, ammonia and hydroxylamine. Preferably no aminocarbonyl 
functional compounds are added to the reaction mixture. 

[0034] The hydrogen peroxide is used in the process according to the 
invention in the form of an aqueous solution with a hydrogen peroxide content 
of 1 to 90 wt.%, preferably 10 to 70 wt.%. A solution having 50 to 70 wt.% 
hydrogen peroxide is particularly preferably resulting in even more improved 
long term activity and selectivity of the employed catalyst. 

[0035] For the process of the present invention an aqueous hydrogen 
peroxide solution can be used that is obtained by a process for the preparation 
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of the hydrogen peroxide solution according to the anthraquinone loop process 
comprising: 

(a) hydrogenation of a working solution comprising an organic 
solvent or mixture of organic solvents and one or more active anthraquinone 
compounds, 

(b) oxidation of the resulting hydrogenated working solution to 
form hydrogen peroxide, 

(c) extraction of hydrogen peroxide with water, 

(d) stabilizing of the resulting extracted aqueous hydrogen 
peroxide solution, 

(e) optionally concentrating the aqueous hydrogen peroxide 
solution to a concentration of hydrogen peroxide of at least 50% by weight 
based on the weight of the hydrogen peroxide solution, 

(f) drying of the working solution after extraction, and 

(g) regeneration and purification of the working solution, 

[0036] whereby during the entire process neither alkali or alkaline earth 
metals nor amines having a pkB of less than 4.5 or compounds forming such 
amines during the process are introduced in amounts that result in amounts of 

iii) 100 wppm or more of alkali metals, earth alkali 
metals, both irrespective whether in ionic or complex form, bases or cations of 
bases having a pk B of less than 4.5, or combinations thereof; 

preferably 

iiia) 50 wppm or more of alkali metals, alkaline earth 
metals or combinations thereof in total, irrespective whether the alkali or 
alkaline earth metals are present in cationic or complex form; or 

iiib) 50 wppm or more of amines having a pk B of less than 
4.5 or the corresponding protonated compounds in total; 
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in the resulting aqueous hydrogen peroxide solution, whereby the 
wppm are based on the weight of hydrogen peroxide. 

[0037] Another advantage of the hydrogen peroxide solution that can be 
used in the process of the present invention is that it can be easily produced in 
an economic way employing the well-known anthraquinone process, whereby 
additional purification steps are not necessary and are preferably not applied 
when preparing the hydrogen peroxide solution to be used in the process of the 
present invention. The only requirement for the process the hydrogen peroxide 
solution compared to the known modifications of the anthraquinone process is 
that the process has to be carefully controlled to avoid introduction of alkali 
metals, alkaline earth metals, amines having a pk B of less than 4.5, or 
compounds that may form during the anthraquinone process such amines 
during the preparation of the hydrogen peroxide solution in amounts that would 
result in concentrations above the limits specified according to the present 
invention. 

[0038] Although many variations of the anthraquinone process to achieve 
this requirement are conceivable, it is particularly preferred to use a working 
solution that is essentially free of organic nitrogen compounds, to dry the 
working solution in above step (f) without using alkali or alkaline earth metal 
compounds that are in the anthraquinone process of the prior art commonly 
employed for drying, and to regenerate the working solution in step (g) by 
treating with active aluminum oxide. Preferably, drying is conducted by water 
evaporation in vacuum. 

[0039] The process of the present invention is particularly advantageous if 
the catalytic epoxidation is performed in a continuous flow reaction system, 
wherein the reaction mixture is passed through a fixed catalyst bed in down- 
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flow operation mode and the reaction heat is at least partially removed during 
the course of the reaction. The process of the present invention is therefore 
preferably conducted in a fixed bed reactor comprising cooling means of the 
type well known in the art. 

[0040] A particularly preferred embodiment of the present invention 
refers to a process for the catalytic epoxidation of propene with hydrogen 
peroxide in a continuous flow reaction system conducted in a multiphase 
reaction mixture comprising a liquid aqueous hydrogen peroxide rich phase 
containing methanol and an liquid organic propene rich phase, wherein the 
reaction mixture is passed through a fixed catalyst bed in down-flow operation 
mode and the reaction heat is at least partially removed during the course of the 
reaction. 

[0041] The present inventors have surprisingly discovered, contrary to the 
general textbook knowledge as exemplified by A. Gianetto, "Multiphase 
Reactors: Types, Characteristics and Uses", in Multiphase Chemical Reactors: 
Theory, Design, Scale-up, Hemisphere Publishing Corporation, 1986, that a 
cooled fixed bed reactor can be successfully operated in a down-flow operation 
to increase product selectivity and thereby overall product yield compared to an 
up-flow operation as previously used in the prior art. This effect is even more 
surprising since it is known that the epoxidation of olefin is a highly exothermic 
reaction that is difficult to control since this reaction has a considerably high 
activation temperature and therefore has to be conducted at a certain minimum 
temperature to achieve economically reasonable conversion. But on the other 
hand the heat generated by the exothermic reaction has to be effectively 
removed from the reactor since at increased temperatures unwanted side 
reactions take place with the result that product selectivity is decreased. The 
effect of limited temperature increase within the catalyst bed is discussed to 
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some extent in EP-A-659 473. With respect to the examples it is disclosed that 
in conventional tubular reactors temperature rise in the catalyst bed exceeds 
15°C whereas according to the examples in EP-A-659 473 the temperature rise 
is 8°C at most and in the preferred embodiment 5 l /2°C. Thus according to the 
teaching of EP-A-659 473 only temperature rise within the catalyst bed has to 
be kept as low as possible in order to achieve high yields of propylene oxide. 
This reduced temperature rise could be achieved according to EP-A-659 473 
only by conducting the reaction in a single reaction zone to only a partial 
conversion with the result that the majority of the reaction mixture has to be 
recycled, and by intermediately cooling the reaction mixture. 

[0042] According to the teaching of A. Gianetto, et al., when operating a 
conventional tubular fixed bed reactor poor heat dissipation and nonuniform 
temperature within the catalyst bed has to be expected in case of downflow 
operation mode. Thus, it has to be expected that by using a downflow 
operation mode in a conventional cooled fixed bed reactor without intermediate 
external cooling of the reaction mixture a high temperature rise within the 
catalyst bed due to poor heat dissipation would occur that should dramatically 
decrease product selectivity and thus the yield. But, contrary to this 
expectation, as will be shown in more detail below in the examples, better 
product selectivity at the same conversion compared to up-flow operation mode 
is achieved and similar or even better overall yields based on hydrogen 
peroxide compared to the most preferred embodiments in EP-A-659 473 are 
obtainable although a conventional reactor system without intermediate 
external cooling was used. 

[0043] In the practice of the present invention any reactor having a fixed 
catalyst bed and cooling means can be used. Adiabatic reaction conditions as 
taught in EP-A 659 473 and US-A 5 849 937 should be avoided. Preferably, 
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tubular, multi-tubular or multi-plate reactors, which are all well known in the 
art, are used. Most preferably, tubular reactors having a cooling jacket are used 
since they are standardly available at relatively low cost. As cooling medium 
that is pumped through the cooling means, preferably the cooling jacket, all 
standard cooling media like oils, alcohols, liquid salts or water can be used. 
Water is most preferred. 

[0044] The process according to the invention for the epoxidation of 
olefins, preferably propene, is typically carried out at a temperature of 30° to 80 
°C, preferably at 40° to 60°C. According to a preferred embodiment of the 
present invention, the temperature profile within the reactor is maintained such 
that the cooling medium temperature of the cooling means of the tubular 
reactor is at least 40°C and the maximum temperature within the catalyst bed is 
60°C at the most, preferably 55°C. Preferably, the temperature of the cooling 
medium is controlled by a thermostat. 

[0045] The maximum temperature within the catalyst bed is measured 
with a plurality of suitable temperature measurement means like thermocouples 
or a Pt-100 arranged approximately along the axis of the preferably tubular 
reactor at suitable distances with respect to each other. The number, position 
within the reactor and distances between the temperature measurement means 
are adjusted to measure the temperature of the catalyst bed within the entire 
reactor as exact as necessary. 

[0046] The maximum temperature of the catalyst bed can be adjusted by 
different means. Depending on the selected reactor type, the maximum 
temperature of the catalyst bed can be adjusted by controlling the flow rate of 
the reaction mixture passing through the reactor,, by controlling the flow rate of 
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the cooling medium passing through the cooling means or by lowering the 
catalyst activity, for instance by diluting the catalyst with inert material. 

[0047] The flow rate of the cooling medium is preferably adjusted to keep 
the temperature difference between entry of the cooling medium into the 
cooling means and exit below 5°C, preferably below 3°C, most preferably 2°C. 

[0048] By selecting such a narrowly defined temperature profile within 
the reactor an optimized balance between hydrogen peroxide conversion and 
olefin oxide selectivity can be achieved. 

[0049] The pressure within the reactor is usually maintained at 5 to 50 bar 
preferably 15 to 30 bar. 

[0050] According to a preferred embodiment, the reaction mixture is 
passed through the catalyst bed with a superficial velocity from 1 to 100 m/h, 
preferably 5 to 50 m/h, most preferably 5 to 30 m/h. The superficial velocity is 
defined as the ratio of volume flow rate/cross section of the catalyst bed. 
Consequently, the superficial velocity can be varied in a given reactor by 
adjusting the flow rate of the reaction mixture. 

[0051] Additionally, it is preferred to pass the reaction mixture through 
the catalyst bed with a liquid hourly space velocity (LHSV) from 1 to 20 h"\ 
preferably 1.3 to 15 h" 1 . 

[0052] Whenever the flow rate of the reaction mixture is adjusted to fulfill 
the above- defined requirements for superficial velocity and liquid hourly space 
velocity particularly high selectivity can be achieved. 

[0053] According to particularly preferred embodiment of the present 
invention, the process is conducted to maintain the catalyst bed in a trickle bed 
state. It has been surprisingly discovered that if the trickle bed state is 
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maintained under certain flow conditions the effect of the present invention i.e. 
the increased propene oxide selectivity will be particularly pronounced. 

[0054] These conditions are as follows: 
G/X < 2000 m/h and 
L\|/ < 50 m/h, 
wherein 

G is the gaseous superficial velocity defined as the gaseous flow 
rate in iriVh in the continuous flow reactor divided by the cross-section of the 
catalyst bed in m 2 . 

[0055] L is the liquid superficial velocity defined as the liquid flow rate in 
m 3 /h in the continuous flow reactor divided by the cross-section of the catalyst 
bed in m 2 , 
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[0056] In order to be able to operate the process continuously when 
changing and/or regenerating the epoxidation catalyst, two or more flow 
reactors may if desired also be operated in parallel or in series in the before- 
described manner. 

[0057] Crystalline, titanium-containing zeolites especially those of the 
composition (Ti0 2 ) x (Si02)i-x where x is from 0.001 to 0.05 and having a MFI or 
MEL crystalline structure, known as titanium silicalite-1 and titanium silicalite- 
2, are suitable as catalysts for the epoxidation process according to the 
invention. Such catalysts may be produced for example according to the 
process described in US- A 4,410,501. The titanium silicalite catalyst may be 
employed as a shaped catalyst in the form of granules, extrudates or shaped 
bodies. For the forming process the catalyst may contain 1 to 99% of a binder 
or carrier material, all binders and carrier materials being suitable that do not 
react with hydrogen peroxide or with the epoxide under the reaction conditions 
employed for the epoxidation. Extrudates with a diameter of 1 to 5 mm are 
preferably used as fixed bed catalysts. 

[0058] When practicing the present invention it is preferred that the 
overall feed stream to the reactor comprises an aqueous hydrogen peroxide 
solution, an olefin and an organic solvent. In this way these components may 
be introduced into the reactor as independent feeds or one or more of these 
feeds are mixed prior to introduction into the reactor. 

[0059] Using the process according to the invention any olefins can be 
epoxidized, in particular olefins with 2 to 6 carbon atoms. The process 
according to the invention is most particularly suitable for the epoxidation of 
propene to propene oxide. For economic reasons it would be preferred for an 
industrial scale process to use propene not in a pure form but as a technical 
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mixture with propane that as a rule contains 1 to 15 vol.% of propane. Propene 
may be fed as a liquid as well as in gaseous form into the reaction system. 

[0060] The reaction is preferably carried out in the presence of a solvent 
in order to increase the solubility of the olefin, preferably propene, in the liquid 
phase. Suitable as solvent are all solvents that are not oxidized or are oxidized 
only to a slight extent by hydrogen peroxide under the chosen reaction 
conditions, and that dissolve in an amount of more than 10 wt.% in water. 
Preferred are solvents that are completely miscible with water. Suitable 
solvents include alcohols such as methanol, ethanol or tert.-butanol; glycols 
such as for example ethylene glycol, 1,2-propanediol or 1,3-propanediol; cyclic 
ethers such as for example tetrahydrofuran, dioxane or propylene oxide; glycol 
ethers such as for example ethylene glycol monomethyl ether, ethylene glycol 
monoethyl ether, ethylene glycol monobutyl ether or propylene glycol 
monomethyl ether, and ketones such as for example acetone or 2-butanone. 
Methanol is particularly preferably used as solvent. 

[0061] The olefin is preferably employed in excess relative to the 
hydrogen peroxide in order to achieve a significant consumption of hydrogen 
peroxide, the molar ratio of olefin, preferably propene, to hydrogen peroxide 
preferably being chosen in the range from 1.1 to 30. The solvent is preferably 
added in a weight ratio of 0.5 to 20 relative to the amount of hydrogen peroxide 
solution used. The amount of catalyst employed may be varied within wide 
limits and is preferably chosen so that a hydrogen peroxide consumption of 
more than 90%, preferably more than 95%, is achieved within 1 minute to 5 
hours under the employed reaction conditions. 

[0062] According to one embodiment of the present invention, reaction 
conditions like temperature, pressure, selection of olefin and selection of 
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solvent and relative amounts of the components of the reaction mixture are 
chosen to ensure the presence of only one aqueous liquid phase in which the 
olefin is dissolved. An additional gaseous olefin containing phase may also be 
present. 

[0063] But it is preferred to conduct the epoxidation of olefins with 
hydrogen peroxide in a multiphase reaction mixture comprising an liquid 
aqueous hydrogen peroxide rich phase containing an organic solvent having a 
solubility in water of at least 10 % by weight at 25°C and an liquid organic 
olefin rich phase. Thereby an even better product selectivity can be achieved. 

[0064] As will be appreciated by any person skilled in the art, the 
presence of two immiscible liquid phases in a reaction system comprising an 
olefin, an water miscible organic solvent and an aqueous hydrogen peroxide 
solution will depend on many different factors. First of all, the presence of an 
additional olefin rich liquid organic phase will depend on the temperature and 
pressure applied in the reactor and the selected olefin. Preferably the applied 
pressure is at or above the vapor pressure of the olefin at the chosen 
temperature. Furthermore, it will depend on the selection of the organic 
solvent. Suitable as organic solvent are all solvents that dissolve in an amount 
of more than 10 wt.% in water at 25 °C. Preferred are solvents that dissolve in 
an amount of more than 30 wt.% in water at 25°C preferably more than 50 
wt.% in water at 25°C. The most preferred solvents are completely miscible 
with water. In principle, all solvents as exemplified above can also be used in 
this preferred embodiment as long as the conditions are met to ensure the 
presence of two liquid phases. 

[0065] Additionally, the presence of a second organic olefin rich phase 
will depend on the relative amounts of olefin, water and solvent. The amount 
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of solvent is chosen to achieve sufficient solubility of the olefin in the hydrogen 
peroxide rich aqueous phase in order to get the desired rate of reaction. At a 
given temperature, pressure, olefin and solvent the relative amounts of 
ingredients can be adjusted to ensure formation of a second liquid organic 
phase, i.e., to ensure the formation of a second liquid organic olefin rich phase 
the amount of olefin has to be selected in excess of the amount soluble in the 
aqueous phase at the chosen temperature and pressure. 

[0066] A simple means of experimentally confirming the presence of a 
second liquid organic phase at the reaction conditions is by collecting a sample 
of the reaction mixture in a container equipped with a sight glass at the 
temperature and pressure used in the process. Alternatively, the reactor may be 
equipped with a sight glass at a suitable position to observe the phase boundary 
directly during the reaction. In case of a continuous flow reactor the sight glass 
is preferably positioned near the outlet of the reactor effluent to have an optimal 
control that two liquid phases are present through out the entire residence time 
within the reactor. 

[0067] Thus a person skilled in the art can, without any effort, verify 
whether when applying certain selections for olefins, solvents and reaction 
parameters a two-liquid phase system as required by the present invention is 
present and can adjust by variation of the parameters as discussed above in 
detail the reaction system in order to establish a second liquid organic phase. 

[0068] According to a most preferred embodiment of the present 
invention, the olefin is selected to be propene, and methanol is used as a 
solvent. For example for a reaction mixture comprising propene, methanol, and 
aqueous hydrogen peroxide at a reaction temperature between 30°C and 80°C, 
a pressure from 5 to 50 bar, the ratio of propene flow to total flow in case of a 
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continuous flow system can be adjusted to be in the range of 0.1 to 1, 
preferably 0.2 to 1 in order to obtain a second liquid organic phase. 

[0069] An additional gas phase comprising olefin vapor and optionally an 
inert gas i.e. a gas that does not interfere with the epoxidation can be 
additionally present according to the present invention. Adding an inert gas is 
useful to maintain a constant pressure inside the reactor and to remove oxygen 
gas formed by the decomposition of a small part of the hydrogen peroxide 
charged to the reactor. 

[0070] The present invention will be explained in more detail referring to 
the following examples: 

Examples 
Example 1 : 

Preparation of an aqueous hydrogen peroxide solution to be used in the process 
of the present invention. 

[0071] In a trial plant for the loop process according to the anthraquinone 
process for the preparation of hydrogen peroxide comprising the steps 
hydrogenation, oxidation, extraction, drying, and regeneration a working 
solution comprised of 0.11 mol/1 2-ethyl anthraquinone, 0.29 mol/1 2-ethyl 
tetra-hydroanthraquinone, 0.13 mol/1 2-isohexyl anthraquinone, and 0.12 mol/1 
2-isohexyl tetra-hydroanthraquinone in a solvent mixture comprising 75 vol% 
of C9/C10 alkyl substituted aryl compounds, and 25 vol% of tris(2-ethyl hexyl) 
phosphate is used. In the hydrogenation step, a loop reactor was run at a 
hydrogen pressure of 0.35 MPa and a temperature of 58°C. Palladium black 
(0.5:1 g/1) was used as hydrogenation catalyst. The hydrogen peroxide 
equivalent in the hydrogenation was 13.0 g/1. 
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[0072] After the hydrogenation, a part of the hydrogenated working 
solution is regenerated using active aluminum oxide. Thereafter, the combined 
working solution is oxidized using the Laporte oxidation as described in G. 
Goor, J. Glenneberg, S. Jacobi: "Hydrogen Peroxide" Ullmann's Encyclopedia 
of Industrial Chemistry, Electronic Release, 6 th ed. Wiley- VCH, Weinheim 
June 2000, page 14. Thereafter, the hydrogen peroxide is extracted using 
deionized water. To the extraction water, 50 ppm H 3 P0 4 and 20 ppm HN0 3 
were added, both based on the weight of hydrogen peroxide. The concentration 
of the extracted aqueous hydrogen peroxide solution was 41%. The working 
solution was dried by water evaporation in vacuum, and thereafter recycled to 
the hydrogenation step. The crude hydrogen peroxide solution was stabilized 
using 200 ppm sodium pyrophosphate based on the weight of hydrogen 
peroxide and concentrated in vacuum by water evaporation. 

[0073] The hydrogen peroxide concentration of the solution obtained in 
this way was 43 wt-%, based on the total weight of the solution, and contained 
250 mg/kg H 2 0 2 phosphates, 20 mg/kg nitrate, and 30 mg/kg of sodium. 

Examples 2-6 and Comparative Examples 1-8 : 

[0074] A titanium-silicate catalyst was employed in all examples. The 
titanium-silicate powder was shaped into 2 mm extrudates using a silica sol as 
binder in accordance with example 5 in EP 00 106 671.1. The H 2 0 2 solution 
according to example 1 was employed after concentrating by water evaporation 
to 60 wt-%. 

[0075] Epoxidation is carried out continuously in a reaction tube of 
300 ml volume, a diameter of 10 mm and a length of 4 m. The equipment is 
furthermore comprised of three containers for liquids and relevant pumps and a 
liquid separating vessel. The three containers for liquids comprised methanol, 
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the 60% H2O2 and propene. The reaction temperature is controlled via an 
aqueous cooling liquid circulating in a cooling jacket whereby the cooling 
liquid temperature is controlled by a thermostat. The reactor pressure was 
25 bar absolute. Mass flow of the feeding pumps was adjusted to result in a 
propene concentration of 38 wt-%, a methanol feed concentration of 48,7 wt-% 
and an H 2 0 2 feed concentration of 8 wt-%. Furthermore the feed contained 
additional components either resulting from the crude H 2 0 2 (250 mg/(kg H 2 0 2 ) 
phosphate, 20 mg/(kg H 2 0 2 ) nitrate, 30 mg/(kg H 2 0 2 ) sodium) or were added to 
the methanol as indicated in Table 1. 

[0076] When performing the examples and comparative examples, the 
flow mode was downflow and the cooling jacket temperature was adjusted to 
35°C and the total mass flow was 0.35 kg/h. The product stream was analyzed 
by gas chromatography and the H 2 0 2 conversion was determined by titration. 
H 2 0 2 selectivity was calculated as the ratio of the amount of propene oxide 
relative to the total amount of propene oxide and other side-products resulting 
from H 2 0 2 . The measurements were performed after the running time indicated 
in Table 1. 



Table 1 



No. 


Amount of components 


Amount of 


Running 


H 2 0 2 


H 2 0 2 




of group iii) added 


components of 


time 


Conversion 


Selectivity 




[mg/kgH 2 0 2 ] 


group iv) 


[h] 


[%] 


[%] 






[mg/kg H 2 0 2 ] 








E2 




NH 3 200 


732 


94 


90 


E3 


Li 25 


NH 3 500 


945 


95 


90 


E4 




NH 3 1000 


47 


97 


89 


E5 




NH 3 1000 


1114 


96 


91 


E6 




NH 3 1000 


2356 


94 


90 


CEl 


Na 170 


0 


48 


98 


90 


CE2 


Na 170 


0 


619 


88 


75 . 


CE3 


Na 20 + Li 50 


0 


745 


82 


76 


CE4 


Na 20 + Li 50 


0 


2184 


28 


71 


CE5 


Na20 + Li 100 


0 


842 


85 


78 


CE6 


Na20 + Li 100 


0 


2134 


45 


68 


CE7 


Me 3 N 150 


0 


380 


42 


74 


CE8 


MeNH 2 100 


NH 3 1000 


2142 


21 


82 
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pk B - data for the nitrogen bases published in H.R. Christen; "Grundlagen der 
organischen Chemie"; Verlag Sauerlander Aarau, Diesterweg Sail Frankfurt am 
Main; 1975 ; p. 392 are given in Table 2 



Table 2 



Bases 


pk B 


NH 3 


4.76 


Me3N (trimethyl amine) 


4.26 


MeNH2 (methyl amine) 


3.36 



[0077] When comparing Example 4 with Comparative Example 1 it 
becomes evident that at the beginning of the continuous process after 48 hours 
conversion and selectivity is almost identical. This explains why the addition 
of non-basic salts according to the teaching of EP-A 712 852 and EP-A 757 
043 at the short running times disclosed therein leads to acceptable results. But 
with increasing running time of the process a considerable reduction of 
conversion and selectivity is observed in Comparative Examples 1-6, whereas 
in Example 5 even after more than 2300 hours conversion and selectivity is still 
appropriate. Comparative examples 7 and 8 show that the addition of amine 
bases having a pk B of less than 4.5 leads to a tremendous reduction of 
conversion and selectivity over time. 

[0078] Further variations and modifications will be apparent to those 
skilled in the art from the foregoing and are intended to be encompassed by the 
claims appended hereto. 
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